Adult normothermic cats were submitted to l-h complete cerebrocirculatory arrest by intrathoracic occlusion of the internal mammary, the innominate, and the subclavian arteries in combination with pharmacolog ically induced hypotension. After ischemia, recirculation was initiated at different blood pressure levels to manip ulate the postischemia resuscitation conditions. The re sulting spectrum of postischemic recovery was studied by combining nuclear magnetic resonance imaging of the ap parent diffusion coefficient (ADC) with pictorial assays of brain tissue pH, ATP, glucose, and lactate. Before isch emia, the mean ADC (average of seven coronal slices of five cats) was 713 ± 40 x 10-6 mm 2 /s. After lO-min isch emia, ADC declined to 68% of control and after 50 min slightly further to 63% of control. During recirculation after I-h ischemia, recovery of ADC varied depending on the initial reperfusion pressure and other systemic vari ables. In two animals ADC only transiently increased fol lowed by a secondary decline below the postischemic Complete interruption of cerebral blood flow at normal body temperature causes breakdown of the energy metabolism and depolarization of the neuro pil within <5 min (Lowry et al., 1964; Rossmann, 1971). Depolarization in turn results in the equili bration of transmembrane ion gradients (Astrup et al. , 1977; Rossmann et al., 1977; Ransen and Ned ergaard, 1988) and the shift of extracellular fluid Abbreviations used: AD C, apparent diffusion coefficient ; DW I , diffusion-weighted imaging ; MRI , magnetic resonance im aging; NMR , nuclear magnetic resonance ; TE, echo time; TR , repetition time.
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into the intracellular compartment (Rarreveld and Ochs, 1956; Rossmann, 1971; Korf and Postema, 1988) . Successful resuscitation after circulatory ar rest reverses these changes. As soon as energy me tabolism recovers, ion exchange pumps are reacti vated and the water and ion homeostasis normalizes (Rossmann, 1971; Rossmann et al., 1977) . Changes of the extracellular fluid compartment are therefore sensitive markers of the manifestation and. the re versal of ischemic injury.
A few years ago, a novel magnetic resonance im aging (MRI) method was introduced (LeBihan et al., 1988, 1989, 1991) that is sensitive to alterations of water homeostasis (Benveniste et al., 1992) . This method takes advantage of the fact that the signal intensity in proton images is a function of water diffusion, which in turn varies in relation to changes of intra/extracellular water compartmentation. By combining a set of diffusion-weighted images re corded under conditions of varying gradient strength, it is possible to calculate quantitative im ages of the apparent diffusion coefficient (ADC) (LeBihan et aI. , 1988, 199 1; Moseley et aI. , 1990) . This technique has been used mainly to image the e\;olution of ischemic infarcts (Moseley et aI. , 1990; Mintorovitch et aI., 1991; Berry et aI. , 1992; Muller et aI. , 1993; Roberts et aI. , 1993; Back et aI. , 1994) or brain tumors (LeBihan et aI. , 1989; Eis et aI. , 1994) , both of which are characterized by changes of the volume of the intra-and/or extracellular fluid compartments.
In the present investigation, we use this tech nique for monitoring the manifestation and reversal of ischemic injury after global brain ischemia. In previous experiments, we have been able to dem onstrate that electrophysiological and metabolic brain functions can be restored after up to I-h com plete normothermic cerebrocirculatory arrest, but the recovery process is inconsistent and unforesee able (Hossmann, 1988) . Although evidence is accu mulating that the resuscitation outcome depends on postischemic events, information is still lacking about the nature of these events and the relation ship to systemic factors. Diffusion MRI provides the unique opportunity to address this question be cause it allows the continuous recording of the full recovery process. By combining ADC imaging with pictorial evaluations of energy metabolites and tis sue pH (Paschen et aI. , 198 1; Paschen, 1985) , it is also possible to establish a direct relationship be tween the diffusion properties and the metabolic state of the tissue (Back et aI. , 1994) . Our study provides evidence for such a relationship and doc uments, for the first time, the full evolution of met abolic suppression and recovery in all parts of the brain during and after prolonged cerebrocirculatory arrest.
MATERIAL AND METHODS

General preparation
Five adult cats of both sexes (3.1-3.8 kg) were anes thetized with 1.0% halothane in 70% N20 and 30% O2, immobilized, and artificially ventilated. Body tempera ture was kept close to 37°C using a thermo-controlled water pad. Catheters were inserted into a femoral artery and a femoral vein for blood pressure recording, arterial blood sampling, and injection of drugs. A thoracotomy was performed on the left side, the internal mammary arteries were ligated, and silk threads were looped around the left subclavian and innominate arteries. The threads were passed through the holes of a small button and two stiff Teflon catheters to the outside (Behar et al., 1989) . Brain ischemia was produced in the magnet (see follow- Vol. 14, No.5, 1994 ing) by pulling the silk threads through the catheters. This procedure interrupts blood flow by squeezing the vessels against the button inserted between the tubing and the vessel walls (Behar et al., 1989) . The occlusion was main tained by securing the threads with adhesive tape against the exterior of the tubings. The arterial blood pressure response evoked by the vascular occlusion was blocked by rapid infusion of glyceroltrinitrate and the a-receptor blocking agent urapidil. In two animals the vasodilating agent labetolol (1.5 mg/kg) was additionally applied until mean arterial blood pressure stabilized below 90 mm Hg. Five minutes before the end of ischemia, infusion of 8.4% sodium bicarbonate (3 mllkg in 20 min) and 20% mannitol (8 ml/kg in 20 min) was started to alleviate postischemic acidosis and brain edema.
Blood recirculation was initiated at different blood pressure levels ranging between 55 and 175 mm Hg. The higher levels were induced immediately before recircula tion by intravenous bolus injection of 0.5 fLg norepineph rine. Later, all animals received a continuous infusion of norepinephrine and epinephrine to stabilize the blood pressure above 90 mm Hg.
Three hours after ischemia, the animals were removed from the magnet and the heads were funnel frozen with liquid nitrogen for biochemical analysis.
Physiological recordings
Arterial blood pressure and tidal CO2 were monitored continuously throughout the experiment. Prior to placing the animal into the magnet and again before funnel freez ing, EEG and somatically evoked potentials were re corded with subcutaneous needle electrodes placed bilat erally over the parietal regions of the scalp. Arterial blood samples were taken at frequent intervals to monitor blood gases, pH, hematocrit, osmolality, and the concentra tions of sodium, potassium, calcium, glucose, and lactate.
Nuclear magnetic resonance imaging
A BIOSPEC 4.7-T, 30-cm bore system (Bruker, Karls ruhe, Germany) equipped with a birdcage lH resonator (inner diameter 15.5 cm) for excitation and signal recep tion and with actively shielded gradient coils (100 mT/m, rise time <250 fLS; Bruker) was used for nuclear magnetic resonance (NMR) imaging. The head of the cat was fixed in a nonmagnetic headholder and positioned in the core of the magnet. Multislice sagittal pilot scans [repetition/echo times (TRITE) 1,000/34 ms] were recorded for selection of a set of seven coronal slices at Horsley-Clark coordinates A20--PlO. Slice thickness was 3 mm, inters lice gap was 1.5 mm, and field of view was 7 or 8 cm. Image matrix was 64 x 128.
The ADC was measured using a multislice Stejskal Tanner type of pulsed gradient spin echo method (TR 2,000 ms). TE was only 34 ms to minimize the T 2dependent loss in signal intensity. For quantitative deter mination of ADC, four sets of images were recorded with the b-factor increasing equidistantly from 0 to 1,500 s/mm 2 • In some cases, only two b-factor weightings (0 and 1,500 s/mm 2 ) were recorded during the onset of isch emia and the early recirculation phase to achieve a better temporal resolution at times when fast changes were ex pected. The diffusion-weighting gradient was always aligned parallel to the read direction of the imaging gra dients, i.e., up-down within the image plane. Two aver ages were recorded resulting in 4-min experimental time per image set for each b-factor value.
To avoid instrumental errors in the ADC determina tion, the image-specific background noise was deter mined. For this purpose, mean mm and standard devia tion am of the background noise were calculated for each image. The image-specific noise limit NLm was then de fined as
where the index m represents the image number with in creasing b-factor weighting. Only signals above the noise limit NLm were used for pixel evaluation of the ADC (M. Eis, in preparation). For the calculation of ADC, the mo noexponential intravoxel incoherent motion model (Le Bihan et aI., 1988) was used:
where b is the diffusion-weighting factor, S(bo) is the sig nal intensity of the unweighted image, and S(b) is the signal intensity of the images recorded using various b factors.
Computation of a quantitative ADC image from the four images with increasing diffusion weighting required < 1 s on a V AX 3200 workstation (Digital Equipment Corp., U.S.A.). ADC images were transferred to a Mac intosh personal computer (Apple, Cupertino, CA, U.S.A.). The public domain image-processing program IMAGE (National Institutes of Health, Bethesda, MD, U.S.A.) was used to display sets of coronal ADC images and to calculate the mean ADC of all seven coronal slices.
Bioluminescence and fluorescence imaging
Frozen brains were divided into four coronal slices in the cold room and cut into 20-J.Lm cryostat sections at -20°C. Adjacent sections were processed for fluores cence imaging of tissue pH (using umbelliferone as the fluorescent pH indicator) (Csiba et aI., 1983) and for bio luminescence imaging of ATP, glucose, and lactate (Pas chen et aI., 1981; Paschen, 1985) .
The pH and metabolite images were digitized with a rotating densitometer or a TV camera and processed with the image analysis system described previously. Quanti fication of pH images was carried out using appropriate pH standards (Csiba et aI., 1983) . Bioluminescence im ages were quantified by calibrating optical densities with the metabolite concentrations measured by standard en zymatic techniques in small tissue samples taken from different parts of the cryostat block (Paschen et aI., 1981; Paschen, 1985) .
Extracellular fluid space
For comparison between changes in ADC and extra cellular fluid volume, data from a previous experiment are included (Hossmann, 1971) . In this study, the same experimental model was used as in the present investiga tion. Extracellular fluid volume in parietal cortex was cal culated from measurements of electrical impedance, us ing the Maxwell equation. Details of the method are given in the original publication (Hossmann, 1971) .
Statistical evaluation
Values are expressed as means ± SD. Statistical dif ferences of physiological variables were calculated using Student's paired t test with Bonferroni corrections for mUltiple comparisons.
RESULTS
Physiological observations
Before the induction of I-h ischemia, all physio logical variables were in the normal range (Table 1) . Occlusion of the innominate and left subclavian ar teries caused an arterial pressure response, the sup pression of which required rapid infusion of the a-receptor blocker urapidil and glyceroltrinitrate. With use of this infusion, mean arterial blood pres sure was kept below 150 mm Hg. After 10 min the mean arterial pressure was <90 mm Hg, and it re mained at this level throughout the vascular occlu sion in all animals.
Before release of vascular occlusion, mean arte rial blood pressure was adjusted to different blood pressure levels between 55 and 175 mm Hg, using appropriate amounts of norepinephrine. Subse quently, blood pressure was stabilized at � 100 mm Hg after 30 min and at 90 mm Hg after 1 h, respec tively.
Arterial Peo2 transiently increased after the be ginning of recirculation by �20 mm Hg despite ac celeration of ventilation rate but returned close to normal after 30-min recirculation. Serum osmolali- All measurements ( means ± SD ) were performed in arterial blood samples withdrawn at t he indicated times . a Significantly different from control recordings ( p < 0.0 5). 3h 90 ± 0/ 171 ± 11 3.7 ± 5 7.33 ± 0.03 39 ± 7 218 ± 53 4.6 ± 1.8 a 155 ± 2 3.1 ± OAa l.3 ±0.1 314 ± 5a ty, serum glucose, and serum lactate began to rise during ischemia and further increased during the first hour of recirculation. Subsequently, these vari ables slowly declined but did not return to normal during the 3-h observation period. The other vari ables did not change significantly.
Preischemic EEG recording revealed spontane ous. high-frequency activity with an amplitude of � 200 f.L V. The amplitude of somatically evoked po tentials was �40 f.L V. At the end of 3-h recircula tion, none of the animals recovered major EEG ac tivity. Only in one cat had low-voltage slow wave activity returned. This animal also showed constric tion of pupils and a partial recovery of evoked po tentials. In the other cats pupils were dilated and unequivocal signs of electrophysiological or func tional recovery did not return.
Imaging of ADC
Before ischemia, the average ADC of the seven slices of brain was 713 ± 40 x 10-6 mm 2 /s. After 10 min (i.e. , the middle of the imaging period), it de clined to 485 ± 26 (68% of control) and after 50 min further to 451 ± 29 x 10-6 mm 2 /s (63% of control).
Upon recirculation ADC began to increase in all animals, although to a different degree (Fig. 1) . In three cats, ADC steadily increased to near normal (682 ± 46 x 10-6 mm 2 /s) within 1 h of recirculation and remained at this level throughout the observa tion period of 3 h (675 ± 50 x 10-6 mm 2 /s). In the other two cats, ADC transiently returned to �75% of control after 30 min, but then it declined again to the end-ischemic value after 1 h, and even further below this level after 3 h recirculation (377 ± 11 x 10-6 mm 2 /s) (Fig. 2) . Postischemic recovery of ADC did not correlate with the preischemic ADC or the ADC value after 10-min cerebrocirculatory ar rest. However, in the animals without recovery, the ADC value after 55-min ischemia was slightly lower than in those in which ADC recovered (Fig. 2) . Inspection of the ADC images revealed a hetero geneous pattern of ADC values after 20-min recir culation in four of the five cats. In one cat these heterogeneities disappeared after 1 h (Fig. 3) . Two others suffered secondary impairment, as described previously. In the fourth cat, small circumscribed regions of reduced ADC persisted in temporal and occipital cortex. The cat with homogeneous recov ery of ADC at 20 min did not develop secondary heterogeneities and exhibited recovery of electro physiological functions at the end of the observa tion period (see preceding).
Imaging of pH and tissue metabolites
In previous investigations of healthy nonischemic cats, pictorial evaluations of brain energy metabo-J Cereb Blood Flow Metab, Vol. 14, No.5, 1994 lites exhibited a homogeneous pattern without ma jor differences between gray and white matter or between different regions of the brain (Paschen et aI. , 1983) . Regional tissue pH of control cats was 7. 15 ± 0.03 in cortex and 7.09 ± 0.02 in basal gan glia, and within these compartments the distribution was also homogeneous.
The bioluminescence and fluorescence images of the present series of postischemic cat brains exhib ited a wide range of alterations that correlated closely with the ADC images described (Fig. 4) . In the cats in which ADC recovered after I-h isch emia, also ATP, glucose, lactate, and pH returned to near control (note that the basal region of acido sis in some brains is a postmortem artifact due to circulatory failure before completion of in situ freezing). In contrast, ATP was completely de pleted, lactate was increased, and tissue pH was severely acidotic in the two cats in which ADC did not recover after ischemia. Interestingly, in some, but not all, regions with reduced ATP level, glucose was near normal, indicating that these areas still received some blood flow.
Relationship between general physiological parameters and postischemic recovery
To investigate the relationship between the re covery of ADC and systemic variables, data of an imals with and without recovery were compared. The decline of ADC during ischemia did not differ between the two groups, indicating that the severity of the ischemic impact was similar (Fig. 2) . How ever, we observed differences in systemic vari ables, such as lower arterial blood pressure in the moment of vascular release ("immediate" reperfu sion pressure, p = 0. 16), a lower arterial P0 2 (p = 0. 07), a higher serum glucose level (p = 0.06), and a higher base excess (p = 0. 05) in animals without ADC recovery (Fig. 5 ). These animals also exhib ited a higher serum osmolality (p = 0.007) and a lower serum sodium (p = 0. 03) during the early reperfusion phase. Serum lactate, in contrast, in creased to a similarly high level in both groups. The other parameters changed in an unpredictable way.
Correlations of ADC at 3 h of recirculation with physiological variables revealed the highest level of significance for end-ischemic base excess (r = 0.96, p < 0. 001) and postischemic blood pressure (r = 0.95, p < 0. 001). A lesser correlation (r = 0. 75, p < 0.1) was obtained between preischemic glucose and the ADC at the end of ischemia. However, the full evolution of ADC changes could not be related to any single systemic factor, indicating that the isch emia-induced alterations depend on a combination of various pathological factors. and of the percent volume of extracellular space in animals with and without recovery following 1-h complete cerebro circulatory arrest. ADC values are weighted averages (±SD) of seven coronal slices recorded in the five animals shown in Fig. 1 . Extracellular volume was measured in two other ani mals using the electrical impedance method (Hossmann, 1971) . Recovery was defined as the return of measured pa rameters to within 10% of control. The similarity of the kinet ics of ADC and extracellular space in both animals with and without recovery supports the notion that ADC is mainly a function of extracellular fluid volume.
FIG. 3. Quantitative apparent diffusion coefficient (ADC) im
ages of the brain of a normothermic cat submitted to 1-h complete cerebrocirculatory arrest. Seven slices of 3-mm thickness were recorded simultaneously at the same times as in Fig. 1 . Note heterogeneous recovery of ADC after 20-min postischemic recirculation (arrows). After longer recircula tion times, heterogeneity disappears. Mintorovitch et a!. , 1991; Allen et a!. , 1992 Allen et a!. , , 1993 Busza et aI. , 1992; Verheul et aI., 1992; Warach et a!. , 1992; Bizzi et a!. , 1993; Muller et a!. , 1993; Roberts et a!. , 1993; Back et a!., 1994) . Within 5-10 min after vascular occlusion, signal intensity begins to rise (Moseley et a!. , 1990; Allen et aI.,
1990;
FIG. 4. Comparison of apparent diffusion coefficient (ADC)
images with the distribution of ATP, glucose, lactate, and tissue pH after 3-h recirculation following 1-h complete cere brocirculatory arrest (same animals as in Fig. 1) . Animals without recovery of ADC (upper two rows) exhibit depletion of ATP and glucose and severe lactacidosis. Animals without recovery of ADC (lower three rows) demonstrate substantial recovery of metabolism. Tissue acidosis in basal parts of brains with recovery is artifacts arising during in situ funnel freezing. out apparent diffusion coefficient recovery after 1-h com plete cerebrocirculatory arrest (same animals as in Fig. 3 ). Note higher initial reperfusion pressure, higher arterial Po2, and lower arterial glucose in animals with recovery. Values are means ± SO.
1993), and after 30-60 min, it stabilizes at � 150% of control (Moseley et aI. , 1990; Mintorovitch et aI., 1991; Busza et aI. , 1992; Allen et aI. , 1993; Muller et aI. , 1993) . The increase in signal intensity is a func tion of the decline of the ADC, which in turn is thought to change due to alterations of the perme ability of the cell membranes and/or the compart mentation of water between intra-and extracellular spaces (Benveniste et aI., 1992; Helpern et aI. , 1992) . It has not been clarified if these alterations are due to changes in the diffusion properties of the intra-or the extracellular water. However, the rather small ADC change during severe hypona tremic edema (Sevick et aI. , 1992) , which is an ex ample of selective intracellular water accumulation, points to alterations in the extracellular fluid vol ume as the dominating factor. In our study, ADC declined to 68 and 63% of control after 10-and 50-min ischemia, respectively, which is close to previously reported data. Zhong et aI. (1993) observed a decline to �60% of the initial level within 15 min of cessation of heartbeat. Berry et aI. (1992) described a decline of ADC after 1-2 h of middle cerebral artery occlusion in cat to 67% and Roberts et aI. (1993) to 57%. Middle cerebral artery occlusion or photoembolic stroke of rats re sulted in a decline of ADC to between 60 and 68% after 3-7 h (Benveniste et aI. , 1992; Back et aI. , 1994) , and in human stroke ADC decreased to 67% in <12 h (Warach et aI. , 1992) . Vol. 14, No.5, 1994 Obviously, the changes of ADC are closely re lated to the energy metabolism of the brain because maintenance of ion and water homeostasis is an en ergy-consuming process. A major contribution from blood circulation can be excluded because the changes are not instantaneous (Bizzi et aI. , 1993) . To our knowledge, a direct comparison between the topical pattern of disturbed energy metabolism and changes of signal intensity in diffusion-weighted im ages has been carried out only in our laboratory. After 30-min middle cerebral artery occlusion in rat, the region of increased signal intensity in DWI is distinctly larger than that of ATP depletion (Kohno et aI. , 1994) , but due to the gradual expansion of the ATP-depleted tissue mass, this difference gradually diminishes and after 7 h the region of increased sig nal intensity precisely matches that of ATP deple tion, tissue acidosis, and histological injury (Back et aI. , 1994) . This finding is fully in line with the present demonstration of a close relationship be tween ADC and ATP at 3 h after I-h global isch emia. Normalization of ADC after a period of tran sient ischemia can therefore be reliably interpreted as evidence of metabolic recovery.
Postischemic reversal of alterations of ADC or signal intensity in DWls has been described by sev eral authors before, but full recovery has been ob served only after relatively short periods of isch emia. In focal ischemia induced by intraluminal thread occlusion of the middle cerebral artery, in creased DWI signal intensity normalized after 33min (Mintorovitch et aI. , 1991 ) or 45-min (Muller et aI. , 1993 ischemia, but it recovered only partially after I-h or 2-h ischemia (Minematsu et aI., 1992) . After 20-or 35-min global ischemia induced in ger bils by bilateral carotid artery occlusion, DWI sig nal intensity returned to near control within � 1 h (Allen et aI. , 1992 (Allen et aI. , , 1993 . However, in cats sub jected to 30-min global ischemia (Bizzi et aI. , 1993) or in gerbils after 60-min bilateral carotid artery oc clusion (Busza et al. , 1992) , recirculation resulted only in partial recovery in circumscribed regions. In some areas, even a further deterioration of the isch emic change occurred.
The present study demonstrates that under favor able recirculation conditions, full and homogeneous recovery is possible after I-h global cerebrocircula tory arrest in normothermic animals. This finding corroborates earlier NMR spectroscopic (Behar et aI. , 1989) , enzymatic (Schmidt-Kastner et al. , 1986 ), and regional bioluminescence (Paschen et aI., 1983) observations that also revealed that full metabolic recovery is possible after I-h complete cerebrocirculatory arrest in normothermia. Due to methodological constraints, however, the full three-dimensional evolution of the recovery process has never been documented. NMR spectroscopic data were collected only from a small sensitive volume in the parietal cortex (Behar et aI. , 1989) , and the enzymatic or bioluminescence findings could be evaluated only at one time point-either ischemia or recovery-of the same animal (Paschen et aI. , 1983; Schmidt-Kastner et aI., 1986) . The present study documents, for the first time, the three dimensional pattern of both the ischemic impact and the subsequent postischemic recovery and therefore excludes the possibility that the animals that recovered after ischemia are those suffering a lesser degree of ischemic injury. In fact, the similar decline of ADC during ischemia in animals with and without recovery provides further evidence for our earlier conclusion that postischemic recovery de pends not only on the duration and severity of isch emia but to a substantial degree on postischemic variables (Hossmann, 1988) .
An important aspect of our study is therefore the evaluation of systemic factors that determine the quality of the recovery process. There is good evi dence from previous studies in our and other labo ratories that the recovery from prolonged ischemia is heavily influenced by factors that interfere with postischemic recirculation (Ames et aI. , 1968; Hossman et aI. , 1973; Ginsberg et aI. , 1977; Hallen beck and Bradley, 1977) . It has also been empha sized that recovery is influenced by preischemic se rum glucose levels because the degree of lactacido sis developing during ischemia depends on the amount of glucose that is available for anaerobic glycolysis (Myers and Yamaguchi, 1976; Prado et aI. , 1988; Ekholm et aI. , 1993) . The present study is in support of both factors. Animals without recov ery exhibited a distinctly lower blood reperfusion pressure, a lower arterial Po 2 , and a lower hemat ocrit, all of which contribute to a less efficient post ischemic reoxygenation of the tissue. We also ob served a substantially higher serum glucose content in the animals without recovery, which is in line with the previous reports. However, previous NMR spectroscopic studies did not substantiate the hy pothesis that the deleterious effect of preis chemic hyperglycemia is due to the aggravation of acidosis (Behar et aI. , 1989; Kloiber et aI. , 1993) . The present data suggest that a possible pathogenic fac tor of hyperglycemia is a higher increase in tissue osmolality during ischemia because the end ischemic ADC, which depends on the osmotic transfer of fluid into the intracellular compartment, correlated inversely with the preischemic glucose level. Another factor may be interference with post ischemic microcirculation (Duckrow et aI. , 1983) .
Hyperglycemia may therefore add to those sys temic factors that reduce the oxygenation of the tissue after ischemia.
An interesting side aspect of the present study is the observation that in animals without recovery of energy metabolism, ADC transiently began to re cover before it secondarily declined to or below the end-ischemic value. This pattern resembles the pre viously described alterations in extracellular vol ume, as measured by electrical impedance methods (Hossmann, 1971) . To highlight this resemblance data are presented from a previous experiment in which the same experimental model was used (Fig.  2) . These findings suggest, on the one hand, that changes of ADC reflect the alterations of intral extracellular water compartmentation, and, on the other, that postischemic recovery is modulated by factors that become of pathogenic importance at a rather late time of recirculation. It is conceivable that these factors are related to delayed postisch emic hypoperfusion, which in the present model de velops after a free interval of -1 h after the resto ration of recirculation (Hossmann et aI., 1973), i. e. , at a time when the secondary decrease of ADC be came evident. This interpretation could explain why animals with normalization of ADC exhibited a lower arterial pH and base excess than those with out recovery because acidosis reduces vasocon striction and hence the development of postisch emic hypoperfusion.
A major advantage of using quantitative ADC maps instead of DWI for the assessment of post ischemic metabolic disturbances is the possibility to identify such alterations in the absence of preis chemic control recordings. In fact, the standard de viation of the preischemic control ADC values was <15% of the changes observed during ischemia or in postischemic brains without metabolic recovery. This opens the possibility to identify, with high re gional resolution, brain areas with metabolic failure not only in focal ischemia, in which the healthy hemisphere provides a reference signal, but also af ter cardiac arrest, in which the whole brain is af fected. Since recovery of ADC, like that of energy metabolism, precedes the return of other signs of functional activity, ADC mapping may become the method of choice to predict the prognosis of brain recovery at an early time after circulatory arrest. In the interest of an early diagnosis of brain death after cardiac arrest, clinical evaluations of this potential application are highly recommended.
In conclusion, our study demonstrates that re covery of ADC after prolonged cerebrocirculatory arrest is a reliable indicator of the restoration of metabolic activity. ADC mapping thus provides the unique opportunity to image nonivasively and with high regional resolution the metabolic state of the brain after severe circulatory disturbances.
